Introduction 45 46
Pyruvate kinase (PK) catalyses the last step in glycolysis enabling substrate-level 47 phosphorylation to form ATP from ADP on the expenditure of phosphoenolpyruvate which is 48 converted to pyruvate. Within the last years, research on PK enzymes experienced a 49 significant boost as it became more and more evident that these enzymes play a crucial role in 50 tumor biology and therefore represent potential drug targets [1] . Furthermore, interest in 51 bacterial and parasites' PK enzymes has developed in search of potential drug target 52 molecules [2] [3] [4] [5] . While four PK isoenzymes are known in mammalians, bacteria typically 53 harbour a single PK enzyme. However, a few bacteria harbour two PK isoenzymes, especially 54 members of the Enterobacteriaceae such as E. coli, Salmonella and Yersinia. The type I PK 55 (PykF) of E. coli is characterised as an enzyme that is allosterically activated by FBP, whereas 56 type II PK (PykA) is not [6, 7] . The two PK types are phylogenetically distant and share a 57 sequence identity of only 37% in E. coli and of 39% identity in Y. enterocolitica. While PykF 58 crystal structures are available and show the tetrameric organisation typical of PK enzymes 59 [8, 9] , structural data on PykA homologues are missing. In activity assays, PykF significantly 60 surpasses PykA activity under all conditions tested [6, 10, 11] leaving open the question of 61 why these bacteria need two isoenzymes. In E. coli, the deletion of both pyk genes increases 62 expression and activity of phosphoenolpyruvate carboxylase (PEPC), a fact that indicates the 63 rerouting of carbon fluxes via PEPC [12] . Similarly, deletion of the pykF gene alone also 64 stimulated PEPC expression and activity, which suggested a low-level residual PK activity 65 mediated by PykA [11] . 66 Recently, our attention was drawn to pyruvate kinases of pathogenic Yersinia as we 67
identified an interrelationship between their type three secretion system (T3SS) and central 68 carbon metabolism [13] . The Yersinia T3SS is supposed to form a molecular microinjection 69 device dedicated to the manipulation of host cells by injection of effector proteins [14] . 70
Regulatory components of the Yersinia enterocolitica T3SS, YscM1 and YscM2, were found 71 to physically interact with Yersinia PEPC, and metabolic flux analyses furthermore suggested 72 a role of PK in this regulatory network of virulence and metabolic functions [13] . 73
Given that many of the few bacteria harbouring two PK isoenzymes are pathogens, 74 understanding their particular roles may contribute to our understanding of virulence. 75
The PK isoenzymes PykA and PykF of Yersinia have not been studied to date. Here, 76
we report on the highly efficient large-scale recombinant production of both isoenzymes, 77 making them amenable to structural and functional characterisation. 
where Ө is the ellipticity in degrees, l the optical path in cm, C the protein concentration in 161 mg/ml, M is the protein's molecular mass, n the number of residues in the protein, and were incubated at 27°C compared to 37°C, so that for large-scale production both proteins 221 were expressed at 27°C after induction for 5 hours. In an analogous manner, both proteins 222 were purified from 400 ml of expression culture, applying ion exchange chromatography on a 223
HiPrep 16/10 Q XL column and a subsequent size exclusion chromatography step on a 224
Superdex 200 prep grade column. The purification of PykA and PykF is summarized in 225 Tables 1 and 2 and illustrated by Figure 1 , showing representative samples of both 226 purification procedures analysed on Coomassie-stained gels after SDS-PAGE. The yield was 227 approx. 100 and 73 mg of PykA and PykF, respectively, per 400 ml of expression culture 228 corresponding to 250 and 183 mg/L. To the best of our knowledge, this is superior to any 229 other reported PK expression and purification protocol (see Table 3 ). The specific activities 230 determined for purified Y. enterocolitica PykA and PykF (85 and 108 U/mg) are in good 231
agreement with values determined for other bacterial PK enzymes [24] (see Table 3 ). Elution 232 of PykA and PykF from preparative size exclusion chromatography was in accordance with 233 formation of tetramers (data not shown). Interestingly PykF (calculated monomeric mass of 234 50.5 kDa) eluted significantly and reproducibly before PykA (51.5 kDa) with a peak 235 maximum at 171 mL for PykF compared to 177 mL for PykA (data not shown). This could be 236 explained by an unspecific interaction of PykA with the gel matrix delaying elution. 237
Alternatively, a significant difference in the conformation of the PykA and the PykF tetramers 238 such as induced by stable binding of a low molecular weight ligand (e.g. an allosteric effector) 239 could be the reason for this phenomenon. The CD spectra (Fig. 2) exhibited two minima 240 around 208 nm and 222 nm, which is a typical indication of α-helix conformation. Recorded 241 CD spectra illustrate considerable structural differences between PykA and PykF and confirm 242 their overall high content of α-helices. In the presence of the known allosteric activator 243 fructose-1,6-bisphosphate (FBP) the CD spectrum of PykF was only marginally changed. 244
To confirm the tetrameric organization of the purified isoenzymes, small angle X-ray 245 scattering (SAXS) was applied ( Fig. 3; supplementary data 1) . Both, PykA and PykF formed 246 tetramers, which were distinct (Fig. 3A and B) . This could explain their significantly differing 247 elution behaviour on the Superdex 200 column. Furthermore, a conformational transition ofthe PykF tetramer could be observed upon addition of the allosteric effector fructose-1,6-249 bisphosphate (FBP) (Fig. 3B and C a Only publications providing data on both yield and specific activity of recombinantly 387 produced pyruvate kinases were included. 388 Fig. 1 
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Hofmann et al. Fig. 2 Hofmann et al. (Fig. 3) . The chi value, describing the discrepancy of the experimental data to the shape model calculation is 1.1. The chi values for PykF+FBP and PykA (see Fig.  3 ) are similar.
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